Glucocorticoids induce an alteration of the surface of hepatoma tissue culture (HTC) cells as expressed by changes in cell electrophoretic, antigenic, and adhesive properties . The alteration is assayed by the increased adhesiveness of induced cells for a glass surface . The induction process has a lag period of about 3 hr and attains a plateau level after 24-30 hr when 50-80% of the steroid-treated cells are firmly adhered . Less than 10% of untreated cells adhere under the same conditions . Induction is inhibited by actinomycin D and cycloheximide, demonstrates both pH and temperature dependence, and responds to changes in steroid concentration and structure . By contrast, the attachment per se of preinduced cells is not affected by inhibitors of RNA and protein synthesis, fluctuations of temperature and pH, and the presence or absence of the hormone . When the induction process is reversed by removal of steroid or addition of actinomycin D, preinduced adhesiveness is lost with a half-life of 13-24 hr, but in the presence of cycloheximide the loss is accelerated (t I/ 2 3-5 .5 hr) . These results suggest that glucocorticoids induce the biosynthesis of a protein which either modifies the cell surface (an enzyme) or is incorporated into surface structures (structural protein) .
INTRODUCTION
The synthesis of tyrosine aminotransferase in hepatoma tissue culture (HTC) cells is stimulated by adrenal steroid hormones (1) (2) (3) . In this report we describe a second specific regulatory effect of the glucocorticoids in HTC cells : an induced alteration in the cell surface is expressed as changes in cell adhesive, electrophoretic, and antigenic properties . These inductions, both of which require new RNA and protein synthesis, occur without any detectable effect on the rates of total RNA and protein synthesis (2) . A preliminary report of this work has been published (4) .
The mammalian cell surface may mediate such diverse biological phenomena as growth regulation (5, 6) , transport (7), morphogenesis (8) , and cell recognition and histocompatibility (9) . Therefore the demonstration that specific surface factor(s) are under hormonal control may contribute to our understanding of both cell surface functions and control mechanisms for synthesis of specific proteins .
THE JOURNAL OF CELL BIOLOGY • VOLUME 47, 1970 • pages [222] [223] [224] [225] [226] [227] [228] [229] [230] [231] [232] [233] [234] The hormone-induced alteration of the HTC cell surface was first detected as an increased adhesiveness of induced cells for a glass surface . As shown schematically in Fig . 1 , the adhesion process can be visualized as three distinct reactions : (1) induction of surface adhesive factor(s) by the hormones, (2) the reversible attachment of induced cells to glass, and (3) flattening and coherence of cells which have been attached for prolonged periods . In the present communication various properties of reaction 2 (cell attachment) are presented first, and subsequently the induction process (reaction 1) is described .
MATERIALS AND METHODS
Dexamethasone (Dex), t a synthetic glucocorticoid, was a gift of Merck Chemical Company, Rahway ' N . J . ; other steroids were purchased from Mann Research Labs ., Inc ., New York . Stock solutions were prepared in absolute ethanol at a concentration of 5 X 10-s M. Actinomycin D, puromycin, and cycloheximide, obtained from the Cancer Chemotherapy Section of the National Cancer Institute, Bethesda, Md ., were dissolved in ethanol . Wheat germ lipase was obtained from Calbiochem, Los Angeles, Calif ., and all other enzyme preparations were purchased from Worthington Biochemicals Corp ., Freehold, N . J .
HTC cells, an established line of heteroploid cells derived from a Morris hepatoma (3), were grown in suspension culture at 37°C in Swim's S77 (Grand Island Biological Co ., Grand Island, N . Y .) "growth medium" containing 107 serum (bovine and fetal calf) and modified as described elsewhere (10) . Under these conditions the cells have a doubling time of 22-24 hr, remain in log phase growth between 50,000 and 700,000 cells/ml, and enter stationary phase at a cell density of approximately 1 X 10 -6/ml . Detroit 6, Wistar Institute Susan Hayflick, and HeLa S-3 cell lines were kindly supplied by Dr. William Uhlendorf; Haman epithelial-2 and L-929 cell lines were obtained from Grand Island Biological Company ; and Dr . E . Brad Thompson donated a line of Chinese Hamster epithelial cells (11) . A second population of HeLa S-3 cells adapted for suspension culture was obtained through the courtesy of Dr . B . Moss. All cell lines grew readily in the standard tricine-buffered growth medium used for HTC cells . Cell densities were determined by hemocytometer counts and turbidity measurements (absorbance at 650 mµ) ; a linear relationship existed between cell 1 Free Dexamethasone, rather than Dexamethasone count and turbidity at all cell densities less than about 1 X 106/ml . Cell viability was established by exclusion of trypan blue stain (12) . Cell electrophoresis was measured in a microelectrophoresis apparatus utilizing flat glass chambers and palladium electrodes (13) .
Measurements of cell adhesion were carried out in serum-free "induction medium" which was otherwise identical to growth medium . HTC cells suspended in induction medium do not divide, but survive for at least 3 days (3) . However, cell adhesiveness could be induced in either growth or induction medium . In growth medium, this was accomplished by growing cells for at least 2 days (to late log or early stationary phase) in the presence of 10 -6 M Dex . The cells were collected by centrifugation at room temperature for 5 min at 900 g, washed once or twice in induction medium, and resuspended in induction medium at the desired cell concentration (generally 350,000/ ml) . 10-m1 aliquots of the suspension were pipetted into sterile 125 ml glass bottles (Wheaton Glass and Plastics Co ., Millville, N. J.) which were then rotated (preventing cell attachment) for variable periods at 100 rpm at 37°C in a Metabolyte gyrotatory water bath shaker (New Brunswick Scientific Co., New Brunswick, N . J .) . The bottles were then incubated further at 37°C without shaking, and the ensuing adherence of the cells to glass was measured at desired intervals by the standard assay described below .
For induction in the nongrowing state, HTC cells, grown to the log phase in the absence of inducer, were washed and resuspended in serum-free induction medium at a concentration of 300,000-600,000/ml . Either ethanol (control) or inducer was added to aliquots of the cell suspensions which were then treated as described above .
We quantitated the adhesion of HTC cells to the glass surface by measuring the number of unattached cells in the incubation medium after a suspension was subjected to a standard shearing force consisting of shaking the vessels at 37'C in the gyrotatory water bath shaker for 40 sec at 100 rpm . Immediately thereafter a 1 ml aliquot of cell suspension was removed and the density of the unattached suspended cells was determined by measurement of turbidity at 650 m s in a Gilford UV recording spectrophotometer (Guilford Instrument Laboratories, Oberlin, Ohio) . The data are expressed either as per cent decrease in A650 from a zero time value (inversely proportional to adhesion), or as the percentage of total cells adhering . In experiments with several samplings the absorbance values were usually corrected to account for the decreasing volume of medium in each bottle . In routine kinetic experiments, however, the uncorrected absorbance values differed by less than 3% from corphosphate (1-3), was used in these experiments . rected data. All the values reported represent the average of duplicate experiments which varied less than 10 00 /0 . Fig . 2 A655) were incubated without shaking at 37°C in the presence and absence of 10-7 M Dex. After 6 hr of incubation, vessels were rotated at 100 rpm and 1 .5-m1 aliquots of cell suspension were removed at various intervals for A650 measurements . The total number of cells (total amount of A650) released at each interval is shown for duplicate experiments .
THE JOURNAL OF CELL BIOLOGY . VOLUME 47, 1970 trol cells are unattached after 40 sec of agitation, cell suspensions exposed to Dex for only 6 hr contain a large population of firmly adherent cells . RNase (10,ug/ml), lysozyme (10 jug/ml), elastase (10 µg/ml), hyaluronidase (50 µg/ml), or wheat germ lipase (50 ,ug/ml) . Cell viability, measured by exclusion of trypan blue, was not altered by any of the above enzyme treatments. Incubation of induced cells with 10 µg/ml of neuraminidase for at least I hr at 37°C, however, released cells which were nonviable .
RESULTS

Properties
The effect of various other treatments of the cells on their ability to attach to glass was examined and the results are presented in Table I . Neither actinomycin D, at a concentration known to inhibit RNA synthesis by more than 90% (14) , cycloheximide, nor 2,4-dinitrophenol affected cell adhesion. Disodium ethylenediamine tetracetate (EDTA), at a concentration adequate to complex all available magnesium ions, inhibited reaction 2, and heat treatment abolished the difference between control and induced levels of adhesion . None of the compounds altered the adhesive behavior of control cells .
The role of divalent cations, particularly Ca++ in cell-cell and cell-glass interaction is well documented (15) . Calcium was routinely absent from both the growth and induction media used for HTC cells, while magnesium was present at 0 .83 mm . The addition of 0 .9 mm calcium chloride to induction medium increased the adhesiveness of both control cells and cells treated with steroid hormone . However, the difference between induced and control adhesion values was similar to the differences seen without calcium . Thus the induction of adhesiveness can be demonstrated 2 26 even when control levels of adhesion are elevated by addition of calcium . The requirement for divalent cations for the attachment of HTC cells, as of other cells (15) , is apparent since adhesion is increased in the presence of calcium and inhibited by EDTA .
The temperature and pH dependence of reaction 2 was also investigated with fully preinduced cells. Between 24°and 37 .5°C there was little difference in the maximal level of attachment of induced cells to glass . Induced cells attached equally well over the pH range from 6 .45 to 7 .5 . However, at pH values of 7 .85 and 8 .35, the adhesion of cells was inhibited 25 and 537c , respectively .
These combined observations suggest that the attachment of induced cells does not depend on synthesis of a macromolecule or enzymic catalysis of an attachment reaction . Rather it appears that HTC cells attach via electrostatic and other noncovalent forces operating between the glass and specific portions of the cell surface (15) .
Induction of Adhesiveness in HTC Cells (Reaction 1)
In this section, we describe the induction by glucocorticoids of the specific surface factor(s) required for the attachment of HTC cells to glass . Fig . 4 illustrates the time course for adhesion of Adhesion HTC cells were grown in the presence or absence (control) of 10`6 M Dex for 4 days, collected in early stationary phase, washed, and resuspended in induction medium . At time zero, inhibitors were added to the final concentrations noted, and Dex (10 -7 M) was added as indicated . Heated cells were maintained at 60°C for 20 min . After 5 min of shaking and 1 hr (experiment 1) or 2 hr (experiment 2) of stationary incubation, adhesion was measured as described in Materials and Methods . occurs within a concentration range equivalent to physiologic glucocorticoid levels (16, 17) and exhibits a dose-response pattern not unlike those observed for other steroid-inducible functions in mammalian cells (18) (19) (20) (21) (22) .
Other steroids were tested for the ability to induce adhesiveness in HTC cells, and results have been published (4) . Of the various steroid compounds examined, maximal levels of adhesiveness were induced by corticosterone, cortisol, 21-deoxycortisol, aldosterone, and Dexamethasone (optimal inducers) (22) . Other compounds exhibited decreased activity (suboptimal inducers) (22) , or were completely inactive (noninducing) . Thus, the HTC cell responds to different steroids which induce characteristic levels of adhesiveness, apparently reflecting differences in the interaction of various steroids with a receptor system (22) . Strikingly similar results of steroid specificity are found in induction of tyrosine aminotransferase in HTC cells (22) , induction of glutamine synthetase in embryonic retina (18) , and steroid-induced involution of lymphoid cells (20) .
The effects of incubation temperature and medium pH on the induction process were also investigated . Induction was maximal when carried out at 37 .5°C, and was completely inhibited at 19°C . Induction was suboptimal at intermediate temperatures and at 42°C . An approximate Qis of 2 .5 for induction was calculated for the effect of temperature between 27 .5°and 37 .5°C .
Decreasing the pH of the induction medium from pH 7 .5 to 7 .0 and 6 .7 inhibited induction 21 and 29%, respectively. At pH 7 .85 induced adhesion was reduced by an amount equivalent only to the inhibition of the adhesion itself (reaction 2), suggesting that induction at that pH proceeded at optimal levels .
The results discussed thus far indicate only that certain steroid hormones induce a change in the adhesive properties of HTC cells which requires both RNA and protein synthesis . We next investigated the possibility that this hormoneinduced adhesiveness might not be specific, but rather might be secondary to other more general effects of steroids on the cells . Therefore the viability of HTC cells after a 24 hr incubation in induction medium, without shaking, in the presence and absence of Dex was examined ; no differences were seen in the exclusion of trypan blue or in the capacity of cells for growth on transfer to serum-containing medium . When metabolic activity was judged by the fall of pH in the incubation medium after 48 hr, no significant difference between control and induced cells was found . Similarly, control and induced cell populations incubated 24 hr without shaking showed comparable rates of labeled amino acid incorporation into acid-precipitable material, consistent with earlier studies (2) . Since steroid hormones do not appear to alter adhesiveness by affecting general metabolic activity, cell viability, or over-all rates of synthesis of RNA (2) (26) , and amnion cell lines (27) with glucocorticoids promotes the viability of the cultured cells and their attachment in monolayer (termed "sustaining effect") . However, in these studies it has not been clear whether the steroids affected primarily the cell surface, or rather maintained attachment secondary to enhancing cell viability . In this regard, we assayed other established cell lines for steroid-induced changes in adhesiveness under conditions used for HTC cells . Various cell lines were grown in suspension culture, with the growth medium developed for HTC cells, and collected during the log phase of growth . As shown in Table II , no other cell line demonstrated a significant level of inducible adhesiveness when assayed under conditions optimal for induction of HTC cells . Of interest, however, was the observation that, compared with uninduced HTC cells, other cell lines showed considerably more adherence to glass as well as increased cell-cell interactions during growth in suspension culture (cell clumping, aggregation, or sheet formation) . HTC cells exhibit such clumping only during growth in the presence of Dex . Certain cell lines were also examined for inducible adhesiveness after growing for 3 days in the presence of Dex . The results (not shown) also indicated no increased cell adhesiveness .
It would seem from these observations that most cell lines adhere readily to glass, and that this property is not altered by exposure to steroid hormone . Thus, the reported effects of steroid on cell maintenance are probably not the result of specific membrane changes . By contrast, HTC cells appear deficient in the ability for both cellglass and cell-cell interactions . However, these properties may be induced by glucocorticoid hormones .
The reversibility of induction was examined with HTC cells grown for 2-3 days to late log phase in the presence of 10 -s M Dex . The cells were collected by centrifugation, washed, and resuspended in fresh induction medium in the presence or absence of 10-7 M Dex, incubated further without agitation, and subsequently assayed for adhesion. Within 3 hr, as shown in Fig .  6 , the preinduced cells adhered maximally to Cells were cultured in the standard modified Swim's S77 growth medium and collected during logarithmic growth for assay of adhesiveness . Cells were washed and suspended in induction medium, and either ethanol (control) or Dex (10 -7 M) was added . After an initial shaking period of 4 hr, adhesiveness was followed by the standard assay described in Materials and Methods . Maximal adhesion refers to the greatest amount of adhesion noted at any of four samplings during 24 hr of incubation . * Clumping (C), aggregation (A), and sheet formation (S) were observed in a qualitative manner during growth of the cell lines in suspension culture .
glass . During the first 6 hr of stationary culture, preinduced cells adhered equally well both in the presence and in the absence of Dex . In the absence of hormone, however, preinduced cells were slowly released from the surface, beginning about 6 hr after removal of the inducer . Release of all adhered cells occurs after approximately 48 hr of incubation at 37°C . Since over 95% of the cells which became detached were viable by trypan blue exclusion, release of preinduced cells from glass after the removal of hormone is not secondary to cell death . These observations suggest that the inducible adhesive factor of the cell surface slowly disappears when its synthesis is arrested by removal of the hormone as well as by addition of inhibitors of RNA or protein synthesis (4) .
To gain further insight into the mechanism of steroid action the effects of interrupting induction by various means were compared . Cells, preinduced overnight in induction medium, were divided and then washed in and resuspended in induction medium either in the presence or in the To investigate further the surface changes, antisera were prepared from rabbits receiving either untreated or fully induced ("Dex antiserum") HTC cells. Both antisera contained agglutinating antibody against both uninduced and induced cells, whereas serum from unimmunized rabbits, or from rabbits receiving injections of purified tyrosine aminotransferase, did not cause cell agglutination at any concentration .
To remove antibodies present in Dex antiserum directed against surface antigens common to both uninduced and induced HTC cells, Dex antiserum was absorbed with untreated cells . Table V synthesis, demonstrated a temperature and pH dependence, and responded to changes in steroid concentration and structure . Because steroids are known to interact with various membrane structures (29, 30), we considered the possibility that direct interaction of inducer with the HTC cell surface might explain the altered adhesive properties of hormone-treated cells . Such a mechanism of hormone action is unlikely, however, in view of the kinetics of induction and the requirement of RNA and protein synthesis. In addition, as noted earlier, preinduced cells remained adhesive after two washes in steroidfree medium, conditions which have been shown to rapidly remove labeled steroid from cells (31) .
In other cultured cell lines glucocorticoids have an effect on surface properties as suggested by reports of increased cell viability and attachment to glass (23) (24) (25) (26) (27) 32) , and resistance to various lytic agents (26, 27, 33) . However, in these systems it has not been demonstrated that glucocorticoids induce the biosynthesis of a specific surface factor, such as observed in HTC cells, and properties of the induction process are not well defined . In our experiments with various cell lines, we did not detect inducible adhesiveness similar to that ob- ported effects of steroids on cell maintenance were probably not the result of a specific membrane change affecting adhesiveness . While a specific inductive process may occur in other cell lines, it also appears possible that steroid hormones primarily sustain or stimulate cell metabolism and viability, or inhibit growth (34) and secondarily maintain surface membrane integrity or alter its structure in a nonspecific manner .
Thus glucocorticoids appear to regulate the synthesis of at least two macromolecules in HTC cells ; a cytoplasmic enzyme, tyrosine aminotransferase, and a surface substance . The two inducible systems respond similarly with regard to steroid dose effect and the specificity of active steroids (4, 22) . In earlier studies (4) competitive effects of various steroids were compared in the two induction processes ; similar responses were detected in both systems. These observations strongly suggested that the steroid hormones interact with a single type of receptor system in HTC cells and thereby initiate at least two separate synthetic responses . Specific binding of steroids, exhibiting properties consistent with those of induction, is present in HTC cells (31) , and a model system for steroid-receptor interaction has been discussed elsewhere (22) .
Previous studies from this laboratory have provided evidence that steroid hormones control tyrosine aminotransferase synthesis in HTC cells via a posttranscriptional mechanism (2, 10, 35) . In part, this conclusion stems from the observation that the effect of removing inducer differs greatly from the effects of adding actinomycin D . Removal of inducer by wash-out or dilution techniques quickly stops synthesis of transaminase enzyme, while addition of actinomycin D in the presence of inducer permits enzyme synthesis to continue for many hours . In contrast with these findings, the induced surface factor responds similarly to either removal of inducer or addition of actinomycin D . This observation is most compatible with hormonal control at a transcriptional level, although, because the adhesion assay may not accurately reflect rates of synthesis, regulation at a posttranscriptional site cannot be excluded . Thus it might be that although the steroids bind to a single type of receptor in HTC cells, effects of the hormone may be expressed at both transcriptional (surface factor) and posttranscriptional (tyrosine aminotransferase) sites . We thank Dr . R . Neihof for performing cell electrophoresis measurements .
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